Abstract
Radioiodinated
rat CNS axolemmal fragments adhered to cultured rat Schwann cells by a time-, temperature-, and concentration-dependent process independent of extracellular ionized calcium. Adhesion showed target and signal specificity; axolemmal fragments adhered to endoneurial or dermal fibroblasts to a much lesser extent than to Schwann cells, and plasma membrane fragments from skeletal muscle, erythrocytes, or PNS myelin adhered to Schwann cells to a lesser extent than did axolemmal fragments. Brief trypsinization removed 94 to 97% of bound radioactivity from Schwann cells previously incubated with '251-axolemmal fragments for up to 24 hr, indicating that adhesion was largely a surface phenomenon rather than the result of rapid internalization of axolemmal fragments by the Schwann cells. When adhesion was compared to the axolemmal mitogenic response of Schwann cells, the concentration of axolemmal fragments yielding halfmaximal adhesion was the same as the concentration producing half-maximal stimulation of Schwann cell mitosis. Trypsin digestion, homogenization, or heating of axolemmal fragments before application to cultured Schwann cells diminished adhesion and axolemmal fragment-induced stimulation of Schwann cell mitosis in a parallel fashion. Whereas adhesion of axolemmal fragments to the surfaces of the cultured Schwann cells reached completion within 4 hr in this assay system, induction of Schwann cell mitosis by the fragments required contact with Schwann cells for a minimum of 6 to 8 hr and reached a maximum when the axolemmal fragments had adhered to the Schwann cells for 24 hr or more.
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- (Salzer et al., 1980b) . These findings suggest that the neuronal Schwann cell mitogen is a plasma membrane-bound constituent which, in order to be effective, must be brought into intimate contact with the Schwann cell.
This hypothesis is supported by the observation that treatment of cultured Schwann cells with plasma membrane fragments prepared from CNS or PNS axons ("axolemmal fragments") elicits Schwann cell mitosis (DeVries et al., 1982 (DeVries et al., , 1983b Cassel et al., 1982; Sobue et al., 1983) . This mitogenic effect is target specific; proliferation of cultured rat fibroblasts is not augmented by rat axolemmal fragments (Sobue et al., 1983) . It is also signal specific; hepatic mitochondrial fragments, plasma membrane fragments prepared from non-neural tissues such as rat erythrocytes, liver or skeletal muscle fibers (DeVries et al., 1983, b; Sobue et al., 1983) , a particulate fraction prepared from rat fibroblasts (Salzer et al., 1980a) , or purified rat PNS myelin (Sobue et al., 1983) do not stimulate Schwann cell mitosis. However, the axolemmal mitogenic effect is not species specific; human and bovine axolemmal fragments elicit rat Schwann cell mitosis to an extent comparable to rat axolemma1 fragments (DeVries et al., 1982; Sobue et al., 1984) , and rat and human axolemmal fragments are of equivalent specific activity in stimulating proliferation of cultured human Schwann cells (Sobue et al., 1984) . Axolemmal fragments lose the capacity to induce Schwann cell proliferation if subjected to trypsin digestion, sonication, vigorous homogenization, or Vol. 5, No. 2, Feb. 1985 heating (Salzer et al., 1980a, b; DeVries et al., 1982 DeVries et al., , 1983b Sobue et al., 1983 et al., 1974) ; then they were washed repeatedly with PBS, fixed with 5% acid alcohol in PBS (pH 7.4) for 10 min at 4"C, rinsed with water, dipped in NTB2 emulsion (Eastman Kodak), exposed for 4 days at 5-C, and developed. Some of the coverslips were stained with 0.37;' toluidine blue in PBS after development of the emulsion.
Results
Properties of the anolemmal fragments. The membrane fragments obtained in fractions 5 and 6 of the continuous sucrose gradient (see "Materials and Methods") were found to be highest in Na',K+-ATPase specific activity and Schwann cell mi-I 2 3 4 5 6 7 8 9 IO II 12 FRACTION NUMBER Figure 1 . Purification of axolemmal fragments from osmotically shocked myelinated CNS axons by continuous sucrose gradient ultracentrifugation. Myelinated axons were isolated and subjected to osmotic shock, applied to a linear sucrose gradient, and ultracentrifuged, and the gradient was harvested in 12 fractions as described under "Materials and Methods." Each fraction was assayed for Na+, K+-ATPase (Barnett, 1970) , cytochrome c oxidase (Wharton and Tzagoloff, 1967) , protein (Lowry et al., 1951) , and mitogenicity for Schwann cells (Sobue et al., 1983) using 8 rg of protein from the fraction for each Schwann cell-containing microtiter plate well.
togenic specific activity and relatively low in cytochrome c oxidase (Fig. 1) . Electron microscopy showed fractions 5 and 6 to contain chiefly O.l-to 1.5-pm-diameter vesicles without visible contents. There were occasional membranes recognizable as derived from organelles other than axolemma. These included mitochondrial inner membrane fragments with associated cristae, multilamellar myelin fragments, and synaptosomes retaining interior neurotransmitter vesicles. These contaminating particles did not make up more than 10% of the total membrane fragments in any field examined.
Schwann cells as the targets, only about one-fifth as much sarcolemmal or erythrocyte plasma membrane protein adhered as did axolemmal fragment protein. Binding of PNS myelin protein to the Schwann cells was higher, but still only a fraction of that observed with axolemmal fragments. (Fig. 4) .
Adhesion of radioiodinated axolemmal fragments to cultured rat Schwann cells. When Schwann cell, fibroblast, or mixed Schwann cell-dermal fibroblast cultures were incubated with radioiodinated axolemmal fragments for 8 hr and then washed, almost all of the Schwann cells were uniformly covered with silver grains, whereas the fibroblasts showed only background levels of silver grains (Fig. 2) . Similar results were observed when Schwann cell cultures containing 2 to 5% endoneurial fibroblasts were examined by these methods (results not shown). These qualitative observations indicated that, within 8 hr, axolemmal fragments adhere to Schwann cells but not fibroblasts, in a manner that cannot thereafter be disrupted by repetitive washing with PBS.
Adhesion of the radioiodinated axolemmal fragments to the Schwann cells reached a plateau level at 4 hr, and half-maximal adhesion to the Schwann cells was reached at 1 hr. When this time course experiment was repeated with the same amount of radioiodinated axolemmal fragments at 4°C one-third to half as many radioiodinated axolemmal fragments adhered to the Schwann cells at each time point as at 37°C and adhesion had not reached a plateau at the end of 4 hr of incubation (Fig. 5) .
To obtain quantitative data on this adhesive phenomenon, the axolemmal fragments were added to microtiter plate wells containing Schwann cells or fibroblasts. The incubation time, incubation temperature, concentration of axolemmal fragments added, and ionized calcium concentration in the medium were varied, the cells were then washed and lysed, and radioactivity associated with the lysates was quantitated. Figure 3 shows the time course of adhesion of the radioiodinated axolemmal fragments to the Schwann cells and to dermal tibroblasts at 37°C. Since the binding was largely to the surfaces of the cells (Grumet et al., 1983 (Grumet et al., , 1984 , surface areas of the Schwann cell and fibroblast cultures were estimated by computer-assisted analyses and binding data were expressed in counts per minute per square millimeter of cell surface. The Schwann cells bound at least 'i-fold more radioactivity per unit surface area than did the Iibroblasts at each time point examined. In one such experiment, we calculated that maximal binding of the radioiodinated axolemmal fragments under these conditions was 3.3 pg of axolemmal fragment protein/Schwann cell and 1.4 pg of axolemmal fragment protein/fibroblast.
To examine the concentration dependence of the axolemmal fragment-Schwann cell adhesive process, Schwann cells were incubated with varying amounts of radioiodinated axolemmal fragments at 37°C for 4 hr. Maximal adhesion occurred with addition of axolemmal fragments equivalent to 16 pg of protein or more to each well, and half-maximal adhesion was with 4 pg of axolemmal fragment protein/well (Fig. 6) . Based upon the specific activity of the radioiodinated axolemmal fragments, we calculated that 1.6% of the axolemmal fragment protein added to the medium adhered to the Schwann cells when 32 pg of axolemmal fragment protein were added to the wells, and 8.2% of the axolemmal fragment protein adhered to the Schwann cells when 0.5 pg of axolemmal fragment protein was added to the wells.
To determine whether extracellular ionized calcium is required for adhesion of radioiodinated axolemmal fragments to Schwann cells, Schwann cell monolayers were preincubated for 15 min in MEM-serum containing 3 mM EGTA. Then the medium was changed to MEM-serum containing 3 mM EGTA and radioiodinated axolemmal fragments. Control wells were treated identically except that there was no exposure to EGTA. After 4 hr at 37°C the cell layers were washed, lysed, and harvested as above. EGTA did not alter the amount of radioiodinated axolemmal fragments bound to the Schwann cells (Table I) . Since the estimated ionized calcium concentration in MEM-serum without EGTA was less than 2 mM and that in MEM-serum containing 3 mM EGTA was below 1 pM, this experiment indicated that adhesion of axolemmal fragments to cultured Schwann cells is not dependent upon the presence of ionized calcium in the medium. The adhesive process demonstrated signal specificity; using Two mechanisms could explain this time-and temperature- were added 8 hr before termination of the cultures. A, Schwann cell culture radioautographed and stained with toluidine blue. Abundant radioactivity is associated with the Schwann cells. B, Fibroblast culture radioautographed and stained with toluidine blue. The density of silver grains over the fibroblasts is near background level. C, Mixed Schwann cell-fibroblast culture radioautographed and stained with toluidine blue. Spindle-shaped Schwann cells are heavily radiolabeled, whereas the fibroblasts are labeled at near background level. D and E, Mixed Schwann cell-fibroblast culture radioautographed and examined by indirect immunofluorescence with anti-fibronectin antiserum. D, Immunofluorescence; E, corresponding field examined by brightfield microscopy, with focus adjusted to silver grain layer. The slender, tibronectin-negative Schwann cells (Kreider et al., 1981; Cornbrooks et al., 1983) are heavily radiolabeled, whereas the fibronectin-positive fibroblasts (Wartiovaara et al., 1974) criminate between these possibilities, the Schwann cells were exposed to radioiodinated axolemmal fragments at 37°C for 0 to 24 hr and then were washed four times with PBS. The washed monolayers were then treated with 0.25% trypsin (w/ v) in PBS for 15 min at 37°C. Then the cells were spun down and reseeded in the wells. As soon as the cells became attached (approximately 30 min), they were harvested, and cell-associated radioactivity was determined. Of the radioactivity bound to non-trypsinized cells, 3.2% remained bound after trypsinization at 6 hr, and 6.3% remained bound after trypsinization at 24 hr (Fig. 7) . Since the time course experiments (Fig. 3 Treatment of the Schwann cells with axolemmal fragments for 4 hr caused no increase in tritiated thymidine incorporation over that by control cells not exposed to axolemmal fragments (Fig. 8) . Six or 8 hr of exposure to axolemmal fragments resulted in a minimal increase in tritiated thymidine incorporation by the cells, but the full mitogenic response required that 24 hr or more pass between addition of the axolemmal fragments to the medium and their removal by trypsinization of the Schwann cells (Fig. 8) .
It has previously been demonstrated that homogenization, sonication, heating, or trypsinization of axolemmal fragments before their application to Schwann cell cultures results in a marked diminution in mitogenic activity of the axolemmal fragments (Salzer et al., 1980b; Cassel et al., 1982; DeVries et al., 1982, 198313; Sobue et al., 1983) . We wished to determine whether these treatments also inhibited the adhesion of axo- (1 pg of axolemmal fragment protein/well) were added, then, the wells were incubated at 37°C for the times indicated, washed with PBS, incubated with 0.25% (w/v) trypsin in PBS for 15 min at 37"C, and then harvested and resuspended in ice-cold Eagle's MEM with 10% calf serum. The cell suspensions were centrifuged at 1500 rpm for 5 min in a Sorvall HG4L rotor at 5°C and cells were reseeded to other wells. Most of the cells attached to the new wells in 30 min and began to extend processes by 1 hr. As soon as the cells were attached, the cell layer was washed gently with PBS and then harvested. lemma1 fragments to Schwann cells. Results indicated a close parallelism between the effects of these treatments on adhesion of radioiodinated axolemmal fragments to Schwann cells and specific mitogenic activity of the treated axolemmal fragments (Fig. 9) . Trypsin exposure, homogenization, and heating produced declines in adhesion and in mitogenic activity of similar degree. From these observations, and by comparing the concentration dependence of adhesion of axolemmal fragments to Schwann cells (Fig. 6 ) with concentration dependence of mitogenic activity of axolemmal fragments for Schwann cells (Fig.  lo) , it appears that the process of adhesion of axolemmal fragments to Schwann cells and the mitogenic response of Schwann cells to axolemmal fragments are closely linked.
Discussion
Neurons regulate certain aspects of neuroglial metabolism. Examples of such neuronal trophic effects are: the initiation of myelin synthesis by Schwann cells (Aguayo et al., 1976; Weinberg and Spencer, 1976; Bunge and Bunge, 1978) and oligodendroglia (Wood et al., 1980; Seil and Blank, 1981; Mithen et al., 1983) , the induction of type IV collagen synthesis and basal lamina deposition by Schwann cells (Bunge et al., 1980 (Bunge et al., , 1982 Carey et al., 1983; Cornbrooks et al., 1983) , facilitation of glucocorticoid induction of glutamine synthetase in retinal Muller cells (Linser and Moscona, 1979,1983) , and stimulation of Schwann cell mitosis (Wood and Bunge, 1975; McCarthy and Partlow, 1976; Hanson and Partlow, 1978; Salzer et al., 1980a, b neuroglial cell. The necessity for establishment and maintenance of these close contacts between neurons and neuroglia implies the existence of cell type-specific adhesive mechanisms (Edelman, 1983; Grumet et al., 1983 Grumet et al., , 1984 .
Neuronal plasma membrane vesicles, like intact neurons, adhere to CNS neuroglia in tissue culture and do so by a process involving a neuronal cell surface sialoglycoprotein (Grumet et al., 1983 (Grumet et al., , 1984 . Furthermore, plasma membrane fragments prepared from myelinated axons, like intact axons, have the capacity to stimulate Schwann cell mitosis (Cassel et al., 1982; DeVries et al., 1982 DeVries et al., , 1983b Sobue et al., 1983) . Membrane fragments from the PC12 line were also recently reported to be mitogenic for cultured Schwann cells (Ratner et al., 1984) . The addition of such neuronal plasma membrane fragments to monolayer cultures of purified neuroglia affords a simplified model system for the study of neuronal-neuroglial trophic interactions.
The present study demonstrates that radioiodinated axolemma1 fragments adhere to cultured Schwann cells by a process which is concentration, time, and temperature dependent, but independent of extracellular ionized calcium. Adhesion of radioiodinated axolemmal fragments to Schwann cells reaches a plateau level within 4 hr at 37°C. At this time point, 97% of the bound radioactivity can be released from the Schwann cells by brief trypsinization without loss of cellular viability. This result indicates that initial adhesion of the axolemmal fragments is to the Schwann cell surface. Even 24 hr after application of the radioiodinated axolemmal fragments to the Schwann cells, 94% of bound radioactivity can be released by brief trypsinization.
The ity may be attributable to phagocytosis by the Schwann cells of a small proportion of the axolemmal fragments (Salzer et al., 1980a) .
We observed many parallels between axolemmal adhesion to Schwann cells and axolemmal induction of Schwann cell mitosis. The concentration of axolemmal fragments required for half-saturation of adhesion to Schwann cells and for halfmaximal stimulation of tritiated thymidine incorporation by the Schwann cells were the same (Fig. 10) Schwann cells and the Schwann cell mitogenic response to these fragments to a similar degree. Both the adhesive and mitogenic processes exhibited signal and target specificity; other plasma membrane preparations did not adhere to Schwann cells to the same extent as did axolemmal fragments, nor did they stimulate Schwann cell mitosis, and axolemmal fragments did not adhere to fibroblasts to the same extent as to Schwann cells or stimulate fibroblast proliferation (Sobue et al., 1983 (Sobue et al., , 1984 .
These qualitative and quantitative parallels between the processes of adhesion of axolemmal fragments to Schwann cells and induction of Schwann cell mitosis strongly suggest that adhesion of the axolemmal fragments is an early, necessary step in triggering of Schwann cell proliferation. An important implication of this is that it is not necessarily true, as we and others previously assumed (Hanson and Partlow, 1978; Salzer et al., 1980a, b; Cassel et al., 1982; DeVries et al., 1982; Sobue et al., 1983) , that the axolemmal mitogen is trypsin, mechanically, and heat labile. Instead, because these treatments inactivate the adhesive mechanism, an axolemmal mitogen intrinsically resistant to these treatments may not be brought into necessary contact with the appropriate Schwann cell receptor.
The deleterious effects of homogenization and heat on the ability of axolemmal fragments to adhere to Schwann cells could either reflect mechanical and thermal lability of the adhesive component or could be a consequence of a re-orientation of this component in the axolemmal membrane that prevents contact with the Schwann cell surface. Although adhesion of axolemmal fragments to Schwann cells appears necessary for axolemma-induced stimulation of Schwann cell mitosis, it is not sufficient to deliver an immediate and irreversible signal for Schwann cell mitosis. This is demonstrated by the observation that, although adhesion is rapid, reaching a maximum within 4 hr of addition of the axolemmal fragments to the Schwann cell cultures, Schwann cell-axolemma1 contact must be sustained for at least 6 hr and optimally
